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This  i s  t h e  f i n a l  r epor t  f o r  the "Study of Capacitors f o r  S t a t i c  
Inve r t e r s  and Converters". 
determine state-of-the-art capaci tors  f o r  use  i n  aerospace s ta t ic  
inver te ra  and canvertere:  
theee capac i tors  t o  f a c i l i t a t e  se lec t ion  of ra t ing8  and limits for such 
faatorr a8 a&e opsratbg vo'ltage, temperature rise, s h e ,  weight and 
reliability. I 

Invertigations were l imi ted  to . those  capaai tora  s u i t a b l e  fo r  u8e i n  
s t a t i c  i nve r t e r s  and convertera operat ing i n  a space environment with 
these  ra t ings :  

The objec t ives  of t h i s  study were: (1) To 

and (2) ,Determine A.C. c h a r a c t e r i s t i c s  of 

Input: 
Output: 

25 t o  105 v o l t r ,  D.C. 
0.1 t o  10,O k i l w a t t a ,  115/200 v o l t r ,  3 phase, 400 cps 

An indus t ry  survey, oonducted in  the e a r l y  part of t h i s  study, indioated 
t h a t  state-of-the-art capaci tors  are polyearbonate f o r  film capaci tore  
and tantalum f o r  e l e o t r o l y t i c  oapacitors.  
polyaarbonate/foil ,  and metall ized paper capaoi tors  were t e a t e d  t o  
determine capaaitance and d ias ipe t ion  f a o t o r  va r i a t ions  versus temperature 
and frequency. #easuraments were taken i n  -55% t o  +85% ambients with 
exc i t a t ion  frequenoiea from 0.4 t o  10.0 kiloogoler and a few meaaurtrmenta 
were taken with exoi ta t ion  frequenoiea extending t o  80 ki locyc les  i n  a 
25% b b i e n t .  

Metal l ised polycarbonate, 

I n  general ,  polycarbonate capaci tors  exhib i t  capacitanoe and d i s s ipa t ion  
f a c t o r  value var ia t ion8  of lees than ha l f  t h a t  f o r  metal l ized paper 
capaci tore  over t h e  temperature and frequency range of t h e  tests. 

The small d i s s ipa t ion  f a c t o r s  ( i . o *  power losses) of polycarbonate 
capaoi tors  f a c i l i t a t e 8  m a l l e r  s i z e  and weight capaci tors  with hwer hot  
spot temperatures than metalliaed paper capaoi tors  i n  eo1118 A.C. applica- 
t ions .  
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JNTRODUCT ION 

Lack of adequate a l t e r n a t i n g  current da ta  and c h a r a c t e r i s t i c s  of paper 
and film d i e l e c t r i c  capac i tors  contr ibute  t o  the  d i f f i c u l t y  of properly 
applying aapac i tors  t o  aerospace s t a t i c  i nve r t e r s  and converters. 
Improper eppl ica t ion  of capaci tors  i n  t hese  equipmbnts could r e s u l t  i n  
appreciabb.p.nrL%3.aa in vei@ and r e l i a b i l i t y  factors, both of which 
are a t  c pr in squi ora t ing  i n  space. 

A need.i!oz t h e  "Study of Capacitors for S t a t i c  Inver te rs  and Converters" 
was influenced by t h e  s t r ingen t  requirements imposed on capaci tors  by 
t h e  operating nature  of t he  equipment i n  a space environment and by the  
general  lack of capaci tor  A.C. cha rac t e r i s t i c s  and data. 

I n  s t a t i o  inve r t e r s ,  appreciable heat  generation within capaci tors  is 
caused by a l t e rna t ing  cur ren ts  from r ipp le ,  commutation and output 
voltages. 
capaci tor  mounting surface t o  rad ia tor  systems on space vehicles. 

Heat t r a n s f e r  is generally l imi ted  t o  conduction across  t h e  

The purpocre of t h i s  study is t o  obtain t h e  a l t e rna t ing  current charac- 
terist icr and da ta  of rtate-of-the-art capaci tors ,  f o r  appl icat ion i n  
aerospace rrtatic i n v e r t e r s  and aonverters. These cha rac t e r i s t i c s  w i l l  
faci l i ta te  propor se lec t ion  of r a t ings  and limits f o r  such f ac to r s  a8 
safe operating voltage,  temperature rise, s i ze ,  weight and r e l i a b i l i t y .  

' State-of-the-art metal l ized polycarbonate and extended f o i l  polycarbonate 
capac i tors  from several manufacturers were evaluated for capacitance and 
d i s s ipa t ion  f a c t o r  var ia t ion  with temperature and frequency. Evaluation 
of A.C.characteristics for a few metal l ized paper capaci tors  was included 
for fe ference  purposes. Similarly,  a very l imited quant i ty  of state-of- 
the-ar t  tantalum capaci tors  wa8 evaluated, because of a v a i l a b i l i t y  
of adequate A.C. cha rac t e r i s t i c s  and 6ata  f o r  t h i s  type of capacitor.  

Capacitor a l t e r n a t i n g  current  cha rac t e r i s t i c s  were determined by 
impedance bridge measurements. Some of these  capaci tors  were a l s o  t e s t e d  
i n  a calorimeter t o  measure power losses.  Resul ts  from these  calorimeter 
tests were u t i l i z e d  as correction f ac to r s  f o r  t he  capaci tor  d i ss ipa t ion  
f a c t o r  obtained by t h e  impedance bridge. This  method of tes t ing,al though 
more time conlauming, is  considered more accurate  f o r  determining d iss ipa-  
t i o n  f ac to r s  t h a t  were of ten below t h e  rebolut ion of most c-ommercial 
capaci tor  bridges,  

. .  
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It  i s  hoped t h a t  t h e  commutating capac i tor  analyses of operation and 
l o s s e s  contained i n  t h i s  r epor t  w i l l  provide capaci tor  manufacturers 
with a b e t t e r  understanding of t h i s  type of appl icat ion.  
and d i s s ipa t ion  f ac to r  test data presented i n  t h i s  report i s  expected t o  
f a c i l i t a t e  t h e  proper capaci tor  s e l ec t ion  by equipment designera for  
A.C. a p p l i o a t h n  i n  rero%pace inverter B and converters. 

Capacitance 
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1.0 Scope of Studx 

The l ack  of adequate a l te rna t ing  current  cha rac t e r i s t i c s  and 
da ta  has caused considerable d i f f i c u l t y  f o r  equipment designers 
i n  se lec t ion  of capaci tors  f o r  appl icat ion i n  s t a t i c  i nve r t e r s  
and converters. 

Objectives of t h i s  study were: (1) To determine state-of-the- 
a r t  capaci tors  f o r  aerospace i n v e r t e r  appl icat ions;  and (2) t o  
determine state-of-the-art capaci tor  A.C. cha rac t e r i s t i c s  t o  
f a c i l i t a t e  se lec t ion  f o r  the i n v e r t e r  applications.  

I n  accomplishing these objectives,  this study included a b r i e f  
analysis af commutation capacitors,  conduction of an indus t ry  
survey f o r  state-of-the-art capaci tors  and t e s t i n g  of se lec ted  
capac i tor  types. 
and d i s s ipa t ion  f ac to r  var ia t ions  with temperature and frequency 
and a l i f e  test .  

Testing of capaci tors  was l imi t ed  t o  capacitance 

This study was n o t  primarily concerned with capaci tor  D.C. charac- 
terist ics.  However, one suppl ier  of polycarbonate film l is ts  t y p i c a l  
values of insu la t ion  resis tance i n  25OC ambient of 250,000 megohm- 
microfarads and 20,000 megohm-microfarads i n  125% ambient. This 
manufacturer 
polycarbonate as t e s t e d  i n  accordance with MIL-C-19978B. Spec i f ic  
capaci tor  appl icat ion requirements such as vibrat ion,  shock, 
rad ia t ion  affects 
the  scope of this study, but these requirements were used as guidelines 
i n  the  industry survey. 

a l so  l i s t s  a t yp ica l  d i e l e c t r i c  absorption of 0.2% f o r  

and hermetic s ea l s ,  were not considered within 

1.1 Discussion of Capacitor Functions 

Capacitors i n  aerospace s t a t i c  i nve r t e r s  and converters provide these 
basic  functions: (1) D.C. F i l t e r ;  (2) A.C. F i l t e r ;  and (3 )  
Commutation. 
rectif iers as s ta t ic  switches require  all three capaci tor  functions and 
inve r t e r s  using t r ans i s to r s  as  s t a t i c  switches require  on ly  the  f i l t e r  
functions.  

Generally, s t a t i c  i nve r t e r s  t h a t  employ s i l i c o n  control led 

Commutating capaci tors  i n  conjunction with commutating reac tors  
are  used f o r  e l e c t r i c a l  energy storage t o  e f f e c t  commutation of load 
current  from one s i l i c o n  control led r e c t i f i e r  t o  another. The 
s tored e l e c t r i c a l  energy i n  these commutating components fu rn i sh  
s i r f f ic ien t  back biasing voltage t o  a r e c t i f i e r  t h a t  has been conduct- 
ing t o  tu rn  it off  when a second r e c t i f i e r  i s  turned on. 
contained i n  Appendix A explains t h i s  funct ional  operation i n  more 
d e t a i l .  

The analysis  
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Alternat ing current f i l t e r  capac i tors  a r e  normally required with 
r eac to r s  i n  t h e  output c i r c u i t s  of s t a t i c  i nve r t e r s  t o  shape 
voltage and current waveforms from quasi  square-wave, caused by 
t h e  a l t e r n a t e  s ta t ic  switching, t o  s inusoidal  waveforms. 
Generally, these  inductive-capacit ive  (L-C) f i l t e r s  employ 
oapaci tore  connected i n  series and i n  p a r a l l e l  with the  load a s  
shown i n  Figure 1. 

Direct current  f i l t e r  capaci tors  a r e  usually employed i n  input 
c i r c u i t s  of s t a t i c  inver te rs  and output c i r c u i t s  of converters. 
Thei r  main purpme i s  storage of e l e c t r i c a l  energy and release 
thereof  f o r  reducing or regula t ing  source voltage var ia t ions  
from pulse loading. 

1.2 A D D l i C a  t i o n  Considerations 

Environments 

Po ten t i a l  environments t h a t  capaci tors  may encounter i n  aerospace 
s t a t i c  i nve r t e r  and converter appl ica t ions  a r e  major considera- 
t i o n s  i n  t h e  select ion of  capaci tor  mater ia ls .  
conditions,  assumed t o  be representa t ive  f o r  a var ie ty  of equip- 
ment design appl icat ions,  se lec ted  for a state-of-the-art survey 
i n  t h i s  study are: 

a )  Heat Sink Ambient Temperature Range: -55OC t o  t 8 5 O C .  

Environmental 

b) Capacitor heat t r ans fe r  by conduction t o  heat s h k .  

c) Shocks of 35 g ' s  i n  ha l f  s i n e  wave shocks f o r  0.008 seconds, 

d) Vibration: Sinusoidal 
Freaue ncv (CPSL 
5-20 
20-100 
100-500 
500-2000 

Force or  DisDlacement 
0.3 inches double amplitude 
5 gls  
10 g ' s  
15 g ' s  

2 e) Radiation: 
5 x NVT Fast  Neutrons/cm 

5 x lo-'' RADS (carbon) Gamma P a r t i c l e s  

f )  Hermetically sealed construct ion t o  protect capaci tor  from 
e f f e c t s  of sublimation from temperature-pressure conditions.  
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FIGURE 1 

A.C. FILTER CONFIGUR 

c 

ATION 

C ,  - Series Capacitor 

Cp - Parallel Capacitor 
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Use of these environment considerat ions i n  t h e  survey was 
u t i l i z e d  t o  f a c i l i t a t e  t h e  usefulness  of t h i s  study t o  equip- 
ment designers of aerospace s t a t i c  inve r t e r s  and converters.  

Power Source 

Types of power sources considered f o r  t h e  i n v e r t e r s  and 
eamerters are: 
converters,  d) Fue l  cells, and e)  Rotat ing D.C. generators. 

Power aource cha rac t e r i s t i c s ,  pa r t i cu la r ly  voltage regulat ion,  
r i p p l e  and t r a n s i e n t  voltages are important considerat ions i n  
se lec t ion  of capaci tors  fop equipment designs, 

a) Batteries, b) Solar  cells, c) Thermionic 

Source voltage range used i s  25 t o  105 v o l t s  D.C. However, wi th  
present and near future power sources it appears t h a t  source 
voltage range8 from 25 t o  35 vo l t s ,  50 t o  65 v o l t s  and 90 t o  105 
v o l t s  o f f e r  a representat ive coverage within the  range from 25 
t o  lo5 volts .  
were used fo r  t h e  capacitor survey. 

These three (3)  d i s c r e t e  source voltage ranges 

A second parer source consideration is r ipple .  
r i p p l e  of plus and minus 10 per cent of t he  maximum steady s ta te  
voltage wan choeen as being repreaenta t ive  f o r  various applica- 
t i o n s  of D.C. input  f i l ter  capaci tors ,  Maximum frequency of the  
r i p p l e  voltage was considered t o  be 25 kilocycles  and i s  representa- 
t i v e  of o ther  un f i l t e r ed  s ta t ic  inve r t e r  equipment operat ing from 
the same power source. 

A peak-to-peak 

The t h i r d  power source considerat ion i s  voltage t r ans i en t s .  
Removal of loads near t h e  end of  a transmission l i n e  can cause 
t r a n s i e n t  overvoltage conditions.  
voltage of 150 per cent f o r  durat ions up t o  100 mill iseconds a re  
considere6 representa t ive  for some aaroapace s t a t i c  inve r t e r  a p p l i -  
ca t ions  of D.C. f i l t e r  capacitors.  

In  t h i s  study, t r ans i en t  over- 

u 
Load c h a r a c t e r i s t i c s ,  such as t r a n s i e n t  overvoltage from load 
removal and overcurrents are a l s o  important considmations i n  
t h e  se l ec t ion  of A.C.  f i l t e r  capac i tors  f o r  equipment designs. 
Transient overvoltage of 125 per cent of r a t ed  voltage f o r  a 
durat ion of 5 cycles  of t h e  r a t ed  400 cycle  base was chosen t o  
be representa t ive  of equipment applicationa.  Overcurmnts of 
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twice-rated lord current f o r  5 s e c ~ n d e  was also considered 
represeniat ive o f  @qu%pent appl.ications. However, output 
induct ive-capadt lvs  (LA f i l t e r  configurations and power 
f a c t o r  of the load during overourrent conditions have a 
re la t ionship  t o  the peak cumnts and voltages of the capaci tors .  
Tvo (2) ra ted nas voltage value8 were selected for t he  capaci tor  
mimeye These are 135 and 270 vo l t s  rms, 420 cycles.  Die lec t r ic  
vel.tage rating f o r  these capacitors were chosen t o  be 600 and 
3000 wZts respectively to accoIllsl0dab peak t zans ien t  voltage 
oonditionr. 
margin from overheating during inve r t e r  operation a t  400 2 20 
cps . 
Three (3) d i sc re t e  output ranges within the 0.1 t o  10.0 ki lowatt  
output power range for the  static inverters considered were: 
(1) 
t o  10.0 kilewatts. 

The 620 cycle rrtitq was ohosen t o  provide adequate 

0.1 t o  0.5 Wlovat te ;  (2 )  0.5 t o  2.0 kilowatts;  and (3) 2.0 

1 . 3  Select ion of CaDaGitor ValUO6 for an Industry Survey 

Comuta t iM Capacitors 

Analysis of t he  operation of commutating capaci tors  and design 
experience with e t a t i c  inver te rs  has shown t h a t  a r e l a t ionsh ip  
exists between the  value of capaci tor  and cha rac t e r i s t i c s  of 
the  static switching device. 
device that e n t e r  t h i s  re la t ionship  t o  capaci tor  value are magni- 
tude of load current flowing through the  switching device a t  the  
end of each half  cycle (i.8. 
turn-off time. 

The cha rac t e r i s t i c s  of the switching 

start of commutation) and device 

Four ( 4 )  s i l i c o n  controlled rectifiers, with current  ra t ings  t h a t  
are capable of handling the  inve r t e r  power output range i n  t h i s  
study, were chosen Tor s i z i n g  t h e  oommutating capazi+,ors. 
off  times f o r  these a i l i con  control led rectlflers are either vendor 
guaranteed o r  t e s t  selected by vendor. 
through the  s i l i c o n  control led r e c t i f i e r s  a t  the end of the ha l f  
cyole am baaed on safe  thermal limits far these devices f ir  180 
degree conduction angles. 

Turn- 

Values of current  flowing 

The design equations used for sizing t he  commutating capaci tors  
are: 

c = 5.22 Iotoff i 

Emill. Emin. 



Where Io i s  current flowing through the s i l i c o n  control led 
rect i f ier  a t  the  end of the  ha l f  cycle, teff is  turn-off 
time f o r  the  rectifier, Emax. and kn. are maximum and 
minimum steady state source voltages respect ively 
is  peak amperes capacitor current.  

and Ip 

These equations are  derived i n  Appendix A of t h i s  report .  

Cammutating apaoitors, se lec ted  from the  analysis ,  shown i n  
Appendix A, f o r  the survey were: 

CaDacitance ( mfd 
5 
15  
50 

D.C. Voltages 
35, 65 and 105 
35, 65 and 105 
35, 65 and 105 

These capacftance vdues, when used s ingly  or i n  mult iples ,  
are capable of covering t h e  inve r t e r  output power range f o r  
this study. 

A .C . F i l t e r  CaDaoitors 

Inve r t e r  output voltage is 115/200 vo l t s ,  400 cycles pe r  second. 
F i l t e r  capacitors connected i n  p a r a l l e l  with t h e  load, as shown 
i n  Figure 1, have voltage ratings consis tent  with the  load 
voltage. 
with the  load or reactors  are dependent on inve r t e r  waveforms, 
f i l t e r  design and load currents .  

Voltage ratings of f i l t e r  capaci tors  connected i n  series 

The following capacitors were se lec ted  for t he  survey: 

CaDacitance (mfd) RMS V o l t a m  
1-3 135 and 270 
8-10 135 ar,d 270 
50-60 135 and 270 

These capacitance values, used s ingly  or i n  mult iples  w i l l  
accommodate many equipment designs within the output power 
range of this study. 

D.C. Filter CaDacitors 

Discrete source voltage l eve l s ,  e s t ab l i sh  voltage r a t ings  of t he  
input  f i l t e r  capacitors. 
seleoted f o r  the  survey: 

Two (2)  capacitance rangea were 
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Capacitance ( u f d l  Voltages 
1000-1500 35,65 and i0j 
10,000-1~,000 35,65 and 105 

These capacitance values, o r  mult iples  thereof ,  w i l l  accommodate 
many equipment designs within t h e  i n v e r t e r  and converter r a t ings  
f o r  t h i s  study. 

2.0 Capacitor Survey 

F i l t e r  and commutating capacitor spec i f ica t ions ,  similar t o  the 
one contained i n  Appendix A for commutation capaci tors ,  w e r e  
submitted t o  a l a rge  number of capaci tor  manufacturers as a p a r t  
of t he  industry survey. Requests t o  these manufacturers t o  
furn ish  technical  and cost  proposals t o  these spec i f ica t ions  
resu l ted  i n  formal proposals from s i x  (6) manufacturers and 
incomplete proposals from f ive  (5)  addi t iona l  manufacturers. 

From 
capaci tor  manufacturers, it was apparent t h a t  polycarbonate 
capaci tors  were considered state-of-the-art f o r  f i l m  capaci tors  
and tantalum f o r  e l ec t ro ly t i c s .  

t h e  responses t o  the survey and v i s i t a t i o n s  t o  f i v e  (5 )  

2.1 Results of Survey 

CommutatinP Capacitors 

The following four  ( 4 )  types of capaci tors  were recommended by 
capaci tor  manufacturers for  the  comiutating Capacitor appl icat iocs:  

A )  Metallized polycarbonate f i l m  
B) Polycarbonate f i lm  and f o i l  
C) Faper-Iwar* ar,d f o i l  
D) Paper and foil. 

The evaluation c r i t e r i a  var ia t ions encountered i n  the survey 
were : 

*Trademark of the E. I. Dupont Company 
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1) Volume t o  capacitance r a t i o  of: 

0.22 t o  1.85 in3’/ufd f o r  t h e  35 and 65 Volt r a t i n g s  
1.05 t o  4.8 i n  

Weight t o  capacitance r a t i o  of: 

0.015 t o  0.18 pounds/ufd f o r  t h e  35 and 65 Volt r a t i n g s  
0.058 to  0.34 pounds/ufd f o r  the  105 Volt r a t i n g  

/ ufd f o r  t h e  105 Volt r a t i n g  

2) 

3) Volume t o  energy storage r a t i o  of: 

44.5 t o  411 i n  3/joule f o r  t h e  35 and 65 Volt r a t ings  
85 t o  374 i n  3/joule f o r  t h e  105 Volt rat3og 

A. C. F i l t e r  CaDacito re 

Capacitor manufacturers recommended t h e  following four (4) types  
of capac i tors  f o r  t h e  A.C. f i l t e r  capacitor applications:  

A )  Metallized polycarbonate f i lm  
B) Polycarbonate film and f o i l  
C )  Paper-Mylar and f o i l  
D) Paper and f o i l  

Evaluation cri teria var ia t ions  encountered were: 

Volume t o  capacitance r a t i o :  

0.21 t o  5.35 i n  3/ufd f o r  t h e  135 V rms r a t i n g s  
0.5 t o  7.65 i n  3 / ~ f d  f o r  t h e  270 V nns r a t i n g  

Weight t o  capacitance r a t i o :  

0.018 t o  0.33 pmde/ufd f o r  t h e  135 V ma ratings 
0.035 t o  0.535 pounda/ufd f o r  t h e  270 V rms r a t i n g  

Volume t o  energy etorage r a t i o :  

10.3 t o  29.6 i n  3/joule for t h e  135 V rms ratings 
6.5 t o  55.6 i n  3/j0ule f o r  t h e  270 V rms r a t i n g  
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D.C. F i l t e r  Capacitance 

Recommendations f o r  the D.C. f i l t e r  capaci tor  appl ica t ions  
included t h r e e  (3 )  types: 

A )  Sintered tantalum 

B) Tantalum f o i l  

C) Polycarbonate film 

Reservations concerning t h e  spec i f ied  peak t o  peak r i p p l e  
voltage of 10 per  cent of t h e  D.C. voltage r a t i n g s  accompanied 
many of t he  manufacturer's recommendations f o r  usage of tantalum 
e l e c t r o l y t i c  capacitors.  

S l i g h t l y  d i f f e r e n t  evaluation c r i t e r i a  are used f o r  t h e  D.C. 
f i l t e r  capaci tors .  
r a t i o s  were favored because t h e  volume t o  capacitance for  
e l e c t r o l y t i c s  va r i e s  approximately with voltage. 
have broad d i a c r e t e  s teps  of v~lume and weight t o  volt-capacitance 
r a t i o .  

The volume and weight t o  volt-capacitance 

Film capac i tors  

The volume t o  voltage capacitance r a t i o s  determined from t h e  
survey f o r  t hese  types of capac i tors  were: 

T m E  Cubic Inches/Volt-Microfarad 

125OC, Tantalum porous anode 3.0-4.0 x 

F5 125OC, Tantalum f o i l  11.0-13.0 x 1 
Polycarbonate f i lm  100-185 x 10' 

Only 125OC tantalum capaci tors  were considered i n  t h e  survey t o  
f ac i l i t a t e  temperature dere t ing  for  r e l i a b i l i t y  purposes. 

The e f f ec t ive  series r e s i s t ance  (ESR), i n  25% ambient and with 
120 cycle/aecond voltage, i s  within t h e  same order of magnitude 
(i.e., 1 t o  10 ohms) f o r  both types  of tantalum capaci tors .  
ESR of polycarbonate f i l m  capac i tors  i s  a t  least  one order of 
magnitude smaller than t h e  tantalum ele 'c t rolyt ica .  

The 

Weight t o  voltage-capacitance r a t i o  f o r  these  t h r e e  types of 
capaci tore  are: 
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ZYB Poundsholt-Microfarad 

Sintered Tantalum 
Tantalum F o i l  
Polycarbonate Film 

2.5-10.0 x 101: 
5.0-16.8 x 
87.5-265 x 10 

Volume t p  energy storage r a t i o  var ia t ions  are: 

Cubic Inched iou le  

Sintereil Tantalum - 0.8 t o  1.8 
Tantalum F o i l  0.75 t o  4.06 
Polycarbonate Film u.5 t o  120.0 

2.2 Select ion of CaDacitors f o r  Exmrimental  Test ing 

Capacitor se lec t ion  f o r  experimental tests was based on t h e  
following eonaiderations: 

a) 

b) 

Low volume and weight t o  capacitance r a t i o s  

Low diss ipa t ion  or power f ac to r  

c) Adequate temperature capab i l i t y  t o  enable temperature 
dera t ing  f o r  r e l i a b i l i t y  purposes 

Although t h e  capacitor survey was conducted with spec i f i ca t ions  
f o r  severa l  ranges of capacitances and voltages,  economies could 
be rea l ized  by select ing commutating and A.C. f i l t e r  capacitance 
values of 1 t o  5 microfarads f o r  the  experimental tests. 
of l a rge r  capacitance values w i l l  be influenced by the  power 
f ac to r  of t he  capacitor,  frequency, voltage waveform, mater ia l s  
and physical environmental requirements. 

Packaging 

w u t a t i u d  A.C. Ff l t e r  

Metallized polycarbonate f i lm capaci tors  having capacitance 
values of 1, 2, 2.5 nnd 3 microfarads with D.C. voltage r a t i n g s  
of 200, 300 and 400 m l t e  were selected from four  ( 4 )  manufac- 
tu rers .  

Polycarbonate f i lm  and f o i l  capaci tors  having capacitance values 
from 1, 2, 3 and 5 microfarads with D.C. voltage r a t i n g s  of 150, 
200, and 400 v o l t s  were selected from four ( 4 )  manufacturers. 

4 
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Metallized paper capaci tors  with capacitance values of 2 t o  3 
microfarads and D.C. voltage r a t i n g s  of 200 and 400 v o l t s  were 
selected from two (2) manufacturers. 

Other f i l m  type capaci tors  t h a t  were not se lec ted  f o r  experi- 
mental test  evaluation are: 

A) Teflon*--These capaci tors  have adequate temperature capabi- 
litis8 and 34337 &ioeipation factors but t h e  s i z e ,  weight end 
cost penaltius cwpared with polycarbonate or paper capaci- 
t o r s  off set  any advantages . 
Mylar--Capacitors of t h i s  type  are comparable t o  the  s i z e  
and weight of polycarbonate capac i tors  but have appreciable  
power factors between 85OC and 125OC. 

B) 

C )  Polystyrene--These capac i tors  have c h a r a c t e r i s t i c s  t h a t  are 
comparable or better than polycarbonate capac i tors  except 
f o r  t h e  temperature l imi t a t ion  of 85OC. 

b 

D.C. F i l t e r  

Since tantalum e l e c t r o l y t i c  capac i tors  are considered state-of- 
the-ar t  and A.C. cha rac t e r i s t i c s  f o r  these  capaci tors  are general ly  
known, only a very l imited quant i ty  of s in te red  and f o i l  types 
were obtained f o r  reference evaluation. 

Sintered tantalum capaci tors  se lec ted  have r a t ings  of 22 micro- 
fa rads ,  100 vo l t s  D.C., 125OC. 

Tantalum f o i l  e l e c t r o l y t i c  capac i tors  were se lec ted  with r a t i n g s  
of 36 microfarads, 150 v o l t s  D.C., 1 2 5 O C .  

Voltage r a t i n g s  greater than 100 v o l t s  D,C. far  s in t e red  tantalum 
e lec t ro lg t ioe  are avai lab le  by aeries element amrengomnts w i t h  
associated penal t ies  i n  s i z e  and weight. 

Aluminum e lec t ro ly t i c s  were not considered because of t h e  6 5 O C  and 
8 5 O C  temperature r a t ing  l imi t a t ions  . 

2.3 Tubular Film Capacitor Com~arisons 

A comparison of tubular capac i tor  s i z e s  and weights by type i s  
presented i n  Table I, In  t h e  400 VDC ratings, the r a t i o  of t h e  

*Trademark of t h e  E, I. Wont Company 
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Tabulation of Tubular Film Capacitor S izes  and Weights 

Capacitor 
Iden t i f i ca t ion  Rating Wgt/Ca 

1 A - l E  1 uF MPC 0.91 . 063 
2A-2E 2 uF MPC 0.94 0.93 . 062 
3A-3E 2.5 uF MPC 1.03 .059 
5A-% 2uF MPC 84 0053 

( ~ 2 7  No. LOO VDC 200 VDC 

7A-7E 2 u F  MP -89 0.80 .064 
8A-8E 2 uF MP 071 ,052 

9A -9E 1 u F  PCF 2.06 2.06 0 145 

12A-12E 
13A-13E 
lwL-14.E 
15A-15E 

3 uF MPC 0.35 .023 
3 u F  MPC 0.28 .018 
3 u F  MPC 0.56* 0.29 .036 
3 uF MPC 0.24 .017 

4A-4.E 
16A-16E 

2 u F  MP 0.22 . 018 
3 u F  MP 0.21 0.21 .016 

10h-1OE 2 UF PCF 0.93 0.93. .069 

MPC - Metallized Polycarbonate 
PCF - Polycarbonate/Foil 

Key: MP - Metallized Paper 
*Omitted i n  the  Average 'v 'o i~uF/Typ 

figure 

TABLE I 
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average volume/capacitance of metal l ized polycarbonate t o  
metal l ized paper capaci tors  i s  116 percent and s imi la r ly  t h e  
r a t i o  f o r  t he  200 VDC r a t ings  i s  138 percent. 
i nc ream i n  volume/capacitance r a t i o  from t h e  400 VM: t o  t h e  
200 VDC r a t ings  may be a t t r i b u t e d  t o  a minimum polycarbonate 
f i lm  thickness a v a i l a b i l i t y  l imitat ion.  

This  22 percent 

The volume/capacitance r a t i o  between polycarbonate/foil and 
rnetalliaed pap= capaci tors  is 250 percent for  t h e  400 VDC 
r a t i n g s  and 450 percent f o r  t he  200 VDC rat ings.  
l a rge  r a t i o s ,  it appears t h a t  t h e  f o i l  thicknees may approach 
t h e  polycarbonate fi lm thickness. 

- 

From these 

The pounds/ capacitance f o r  metall ized polycarbonate is  approxi- 
mately the  8611~0 as for  metal l ized paper capacitors.  Larger 
physical  s i a s  of t h e  polycarbonate aapaci tors ,  compared with 
metal l ized paper, account f o r  t h e  la rger  pounds/capacitance 
f igure.  
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3.0 Capacitor ExDerimental Tests and Resul t s  

Three (3)  types of capacitor t e s t s  were conducted during t h i s  
study: (1) Capacitance and d i s s ipa t ion  fac tor ;  (2) Commutating . 

capaci tor ;  and (3) Life. 

capacitance and d iss ipa t ion  f a c t o r  test  data  were obtained as  
a function of frequency and temperature f o r  metal l ized polycar- 
bonate, mstalliasd paper, polycarbonateffoil  and tantalum 
e l e c t r o l y t i c  capacitors.  
conducted with a metall ized polycarbonate capaci tor  and an ana lys i s  
of t h e  capaci tor  power losses was made u t i l i z i n g  da ta  oMained 
from t h e  capaci tor  and d iss ipa t ion  f a c t o r  tests. A l i f e  test  of 
the  t h r e e  types of capaci tors  was conducted f o r  1000 hours i n  an 
8 5 O C  ambient and 370 hours i n  125OC ambient. 

Commutating capaci tor  tests were 

3.1 CaDacitance and Dissipation Factor Tests and Resul ts  

Capacitance and d iss ipa t ion  f ac to r  values f o r  polycarbonate and 
pager capaci tors  were determined f o r  a temperature range from 

-55 C t o  t 8 5 O C  and frequency range from 0.4 t o  10 ki locycles  with 
s inusoidal  waveforms. 

Tests 

Capacitance values were measured with an impedance bridge 
constructed f o r  these  tests. 
components and interconnections t o  f a c i l i t a t e  a minimum of s t r a y  
and unknown capacitances and inductances over t h e  frequency range. 
An elementary diagram of t h i s  type bridge i s  shown i n  Figure 2. 
Capacitance values measured with t h i s  bridge compared favorably 
with values obtained with a General Radio Model 7164 and Sprague 
Model 'LW2 capacitance bridges. 

This  bridge was constructed with 

Capacitor d i s s ipa t i an  f ac to r s  measured with t h e  impedancre bridge 
were considered comparative data  t h a t  required adjustment with 
da ta  obtained from calorimeter hea t  106s measurements. 
of these d i s s ipa t ion  factor  da ta  was necessary because unknown 
and s t r a y  capacitances of t he  br idge were s t i l l  appreciable i n  
t h e  frequency range of i n t e r e s t .  

Adjustment 
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Elementary Diagram of Impedance Bridge 

R1 = 99.7 OHMS; CS = .01 MFD., GEN. RADIO STD. 14G9L 

CX - Capacitor under test  

RC - Adjustable r e s i s t ance  (switch, f ixed  r e s i s t o r s  and a potentiometer) 

RD _- Adjustable r e s i s t ance  (switch, fixed r e s i s t o r  and a potentiometer) 

AMP. - Battery operated, s ing le  s tage ,  t r a n s i s t o r  amplif ier  

M -Meter, Harmonic Wave Analyzer - used as n u l l  de tec tor  

Dissipation Factor = & = &= RU(CS)O 
xcx xcs  

Where Rcx i s  t h e  e f f e c t i v e  r e s i s t ance  of ca[ . z i t o r  under test. 

R1 
Capacitance: Ri = & CX = CS (RC) - 

RC X,, 

Figure 2 
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Use of the  calorimeter was made i n  measuring t h e  r a t e  of heat 
being generated from a capacitor immersed i n  a f l u i d  and observing 
the  rate of temperature rise. 
accomplished by mounting a known value of res i s tance  t o  t h e  
capaci tor  surface within the  calorimeter and measure the  d i r e c t  
current flowing i n  the  r e s i s t o r  while observing the  r a t e  of 
temperature rise of the calorimeter f lu id .  Caution was exercised 
t o  measure t h e  rate of temperature rise a f t e r  t h e  thermal i n e r t i a  
had hen evercam. 

Calculation of t h e  heat input t o  t h e  calorimeter may be obtained 
from ca l ib ra t ion  with known heat  input  rate: 

Cal ibrat ion of t h e  calorimeter i s  

2 I R = Watts = 'C/minute 

After c a l i b r a t i n g  t h e  calorimeter,  t he  capaci tor  i s  energized 
from a var iab le  frequency power EU ply with sinuaoidal voltage. 
Capacitor d i s s ipa t ion  fac tor  (D.F. P i s  obtained from measurements 
of t h e  RMS voltage acrose t h e  capaci tor  and r a t e  of temperature 
r i a e  of t h e  calorimeter f l u i d  and by use of t he  following calcu- 
l a t ions :  

D.F. = Watts ( b OC/A t / ca l ibra t ior$  A 2  - A t  

Shown diagramatically 

i" 
E = Capacitor ms voltage 
C = Capacitance 

Note: Since the  angle alpha (a) i s  general ly  
small, t he  d iss ipa t ion  f ac to r  i s  
e s s e n t i a l l y  equal t o  the  capac l tc r  
power faotor.  

Watt8 

Care was exercised t o  minQiize the  calorimeter heat  1088 r a t e  
by maintaining t h e  calorimeter f l u i d  temperature within +, 2OC of 
the  calorimeter external ambient (24 - 26OC within t h e  enclosure) 
Maintaining t h e  calorimeter f l u i d  temperature r e l a t i o n  t o  the  
ambient was accampliehed by replacement of t he  f l u i d  between tests. 
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The calorimeter f l u i d  quantity was kept constant during the  t e s t s  
by u t i l i z i n g  weight measurements when replenishing the  f l u i d ,  

A pic ture  of t he  test equipment used i s  shown i n  Figure 30 
4 shows t h e  mounting of a capaci tor ,  ca l ib ra t ing  r e s i s t o r s  and 
thermometer t o  t h e  top  o f  a commercially ava i lab le  vacuum b o t t l e ,  
which was used ea a calorimeter. The calorimeter shown i n  Figure 3 
i s  i n  a n  enclosure t o  prevent room a i r  currenta’frora s t r i k i n g  t h e  
ex terna l  surfacsr of-the calorimeter t h a t  could a l t e r  t he  heat  
Poas rate fram the calorimeter. 

Figure 

Test ing of t h e  tantalum e l e c t r o l y t i c  capaci tors  was l imited t o  
bridge measurements i n  ambient temperatures from -55OC t o  +85OC 
and frequencies fram 120 t o  1200 cps. 
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Results 

Capacitance and diss ipat ion f a c t o r  t es t  data  i n  2SoC 
twenty (20) metall ized paper, for ty-f ive (45) metal l ized 
polycarbonate and twenty-f our ( 24) polycarbonate/f o i l  capaci tors  
are contained i n  Tables B1 through B3 i n  Appendix B of t h i s  report .  

The average of the percent capacitance change versus frequency. da ta  
from Tables B 1  through B3 is shown in4Rgure  5. 
t h e  average capacitance var ia t ion  of metall ized paper i s  1.68 
percent compared t o  a 2.95 percent average for metal l ized 
polycarbonate and a 3.85 percent average f o r  polycarbonate/foil  
capacitors.  The lower capacitance var ia t ion  with frequency of 
metall ized paper capacitors i n  25OC ambient i s  a t t r i b u t e d  t o  the  
longer establ ished qua l i ty  cont ro l  of materials and techniques 
i n  comparison t o  the r e l a t ive ly  new polycarbonate capaci tors .  

ambient f o r  

A t 1 0  kilocycles  

The average of t he  percent d i s s ipa t ion  f a c t o r  versus frequency 
data  from Tables E1 through B3 i s  shown i n  Figure 6 .  
the  average of t he  d iss ipa t ion  factor f o r  polycarbonate/foil  
capaci tors  i s  one-half the value of metall ized polycarbonate and 
one qua r t e r  the  value of metall ized paper capacitors.  

I n  general ,  

Capacitance and d iss ipa t ion  f a c t o r  tes t  data  versus temperature 
and frequency i n  Tables B4 through B6-are shown i n  Figures 7 and 

frequency shown i n  Figure 7 f o r  metall ized 
12 percent,  
metall ized polycarbonate,it i s  3 percent. 

respectively.  Capacitance cl-,~nge ' Ivith temperature and 
paper capaci tors  i s  

f o r  polycarbonate/foil , i t  i s  5.5 percent and f o r  

Dissipation f ac to r  var ia t ion with temperature and frequency va r i e s  
from 0.03 
percent f o r  metall ized polycarbonate and 0.16 t o  1.93 percent f o r  
mtallimd paper o q a d t o r s  as shown i n  Figure 8. 

t o  0.46 percent f o r  polycarbonate/foil,  0.55 t o  1.23 

Some test data  as indicated are excluded from the presentat ion 
i n  Figure 8 because these da ta  exhibi ted excessive var ia t ion  and 
were not considered representative.  

Dissipation f ac to r  t e s t  da ta  were obtained from two (2) metall ized 
paper f ;-:a- 
polycarbonate capacitors over an extended frequency range i n  25OC 
ambient. These data, obtained with calorimeter measurements are 
shown i n  Figure 9. 
( 3 )  
kilocycles.  

(A) polycarbonate/f o i l  and three ( 3 )  ae t a l l i z e d  

Generally, t he  d i s s ipa t ion  f a c t o r  for a l l  three  
types of capacitors incresse  100 percent between 10 and 50 
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Commuta%ing capaci tors  are of ten sub j ec  tad t o  r i pp le  frequencies 
i n  this range i n  static inverter .  Such r ipp le  frequencies c ~ n  
be ciclused by rriinor resotimees between inductive and capacit ive 
wmpcnents. 

Capacitance and d iss ipa t ion  f ac to r  t e s t  data  f o r  s in te red  and 
f o i l  txinttdytic capaci tors  versus frequency and temperature a re  
shown i n  Tabie B'7. 

The decreasing capacitance cha rac t e r i s t i c  with decreasing 
temperature and increasing frequency i s  -a maximum of  12.65 
percent from -25°C t o  +85 C and 120 t o  1200 cps as shown i n  Table 
B7. However, capacitance change var ia t ions  of 59.6 percent and 
29.8 percsnt maximum f o r  s intered and f o i l  capaci tors ,  respec.:ively, 
over a tzmpsratwe rmge f o r  -55OC t o  +85OC and 120 t o  1200 cps were 
measured. Similarly, t he  diss ipat ion f a c t o r  increases  with decreasing 
temperature and frequency, within the frequency r m g e  of the t e s t s  
&a shown i n  Figure 10. These da ta  and phys ica l  d a t s  comparisons shown 
i n  sec t ion  2.1 of this report  are primarily f o r  reference purpcses. 

3.2 Cammut.atin,z Capacitor Test and Results 

A method of cor re la t ing  capacitor losses, while operating i n  
commutating c i r s u l t s  t o  cspacitor losses measured w i t h  more 
conventional test equipment and sinusoidal  voltage was sought. : 11 

this study. 

A 2.5 microfarad, 500 VDC motdlrzed p ~ ~ A c ~ ~ * ~ ~ r b o r m t e  capacitor was 
mounted i n  a calorimetJer and it's d i s s  ip ,c t ion f i ic tzr  determined 
u+,i 11 zinc' sinusoidal  voltages over 9 f'requemy rsnge from 400 cycles/  
sspond t o  50 kilocycles i n  B 25% ambient. 

While m u u n t w i  i n  the c ~ L ; r i r n e ? e r ,  t .hc:  capacitor das tnen conriscted. 
t o  8 static i n v e r t e r  and operated 3s a commutation capacitor. The 
capacitcir hecrt l o s s  was c.:alculated from the  calorlmeter heat mewure- 
nieznts. Cdibrat,o*J. os(. illosccrpe pictures of t h e  cspaei t o r  vo1tne;s 
and currei!t wtivc~form~ k;2r2 obtained &ring this tes t  f o r  use i n  analysis  
of the cvpaa i tor  losses. 



. . a .  . 

loo, 0 

r 
L 

z 
21 

" I  

! 



Report No. R63SCW-31-5 
Page 31 

Results 

The d iss ipa t ion  f a c t o r  of t he  commutating capaci tor  versus 
frequency cha rac t e r i s t i c  i s  &own i n  Figure 11. 
noted t h a t  the  d iss ipa t ion  f a c t o r  f o r  t h i s  capaci tor  i s  much 
g rea t e r  than f o r  the polycarbonate capaci tors  shown i n  Figure 9 
but  t h e  resdts of the  t e s t  are val id .  

I t  should be 

Actual cmmuWdqgcapacitor l o s ses  while operating i n  the inve r t e r  
circuit were 0.91 watts. Capacitor voltage and cur ren t  waveforms, 
during this test ,  are shown i n  Figure 12. The encircled port ions 
of the  waveforms i n  Figure 12  were subjected t o  ana lys i s  
determine the  RMS voltage and currents.  
was considered necessary because the  waveforms contained a 
s ign i f i can t  amount of  r ipple .  

I t o  
A de ta i l ed  wave ana lys i s  

Evaluating t h e  rms volt-amperes 
commutating capaci tor  waveform was accomplished as follows: 

of the  encircled port ions of the  

Voltage 
forms as shown i n  Figures 
second ordinates  as i l l u s t r a t e d  i n  Figure 13. 
values were squared and rep lo t ted  as squared voltage and 
current  curves. 

and current values from expanded port ions of the wave- 
13 and 14 were scaled a t  5 micro- 

These scaled 

A polar  planimeter was then 
these new curves 

sed t o  measure the  areas  under 9 ( i . e .  v o l t  -seconds or ampere2-seconds). 

The areas  under the squared voltage and current  waves were 
divided by the  400 cycle/second time base and the  square roo t  
of the r e su l t an t  was taken t o  obtain RMS values of the voltage 
and current .  

An assumption was mada t h a t  the cemuta t ing  current  pulse 
conformed t o  a quarter  s ine wave function during an i n t e r v a l  
of 47.5 microseconds and had a peak value of 10.2 amperes. 
It was also assumed t h a t  the voltage functbn during t h i s  time 
i n t e r v a l  conformed t o  a cosine function. 
RMS voltage and current values were calculated f o r  smooth wave- 
forms as shown i n  Figure -15. 

From these assumptions, 

The RMS values obtained i n  4)  above were subtracted from those 
obtained i n  3)  above. The difference between these RMS 
voltage and current values was a t t r i b u t e d  t o  the  r ipp le  frequency. 
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FIGURE 15 
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From Figure 13, the commutation current p.Jlse duration i s  47.5 
microseconds. 
s ine wave with a frequency of 

The shape o f  t h i s  pulse approximates a quar te r  

f = l = l  = 5.28 ki locycles  
4 t  4(47.5)~1.0-6sec 

The shape of the  voltage waveform during the  commutation current 
pulse interval. is coainusoidal. 
wave functions during the commutation i n t e r v a l  is derived i n  
Figure 15 and numerically is 16.6 volt-amperes. 

The RMS volt-ampere f o r  these 

The sums of the squared volt-second and ampere-second values from 
the waveform, a portion of which is shown i n  Figure 13, are: 

2 2 (1) L.5 05.217 Volt-usec = 1820 v o l t  

2 66L6 amp2-usec = 2.655 amp 

2500 usec 

(2)  
2500 usec 

Vrms = 1820 = 42.6 vo l t s  

Irms = 2.655 = 1.63 amps 

The capauitor l o s s  from the commutation pulse with an equivalent 
5.28 kilocycle freqwncy is calculated using a diss ipat ion fac tor  
of 1.85 percent f o r  5.28 kilocycles i n  Figure, 11, 1.41 amperes rms 
and 11.8 v o l t s  rms i n  Figure 15: 

V I  (D.F.) = (11.8) (1.W) (.0185) = 0.307 watts 

Subtraction of the m s  volt-amperes of the  commutation pulse from 
the rms voltage and current t o t a l s  y ie ld  the rms v o l t  amperes of 
the ripple: 

42.6 = 11.8 = 30.8 Volts ms 
1.63 = 1.U = 0.22 amps rms 

The product of the  RMS voltage and current of the r ipp le  and the 
capacitor diss ipat ion fac tor  determined with sinusoidal voltages 
a t  the r ipp le  frequency yields:  

(1) Dissipation Factor from Figure 11 f o r  80 
kilooycles 8.9% 

(2)  V I  (D.F.) = (30.8) (0.22) (.089) = .603 watts 
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The sm of the watts a t t r ibc ted  tc; the  r ipple  and commutating 
pulse is: 

0.307 watts (conmutation pulse)  
0.603 watts ( r ipp le )  
0.91 watts 

The measured commutation capaci tor  loss i n  the calorimeter was 0.91 
watts w d a  favorable agreement was achieved with the  ana lys i s  above. 

~ 

3.3 Li fe  Test and Results 

Description 

A t o t a l  of f i f t y  (50) capacitors were subjected t o  l i f e  t e s t  o f  1000 
hours i n  85°C ambient while energized with 420 cps voltage. 
was conducted t o  determine if the  capaci tors  could withstand AC peak 
vol tages  equivalent t o  t he  DC voltage r a t ings  with the  exception of  
capaci tors  having DC voltage r a t ings  above corona s t a r t i n g  voltage 
region of 525-340 vo l t s .  Corona s t a r t i n g  voltage 
a t  which ionizing of air o r  gases entrapped between layers of the  d i e l e c t r i c  
r o l l  takes  place. These ionized gas pockets c rea te  hot spots  t h a t  can 
progressively deteriora’oa the  d i e l e c t r i c  . 
metal l ized polycarbonate, 1 2  polycarbonate/foil  and 5 metal l ized paper 
capaci tors)  were mounted on the  inne r  w a l l s  of a sealed aluminum box, 
shown i n  Figure 16. The surface of the  aluminum box was maintained a t  
a temperature of 85 +3OC f o r  the  duration of t h e  t e s t .  
t r a t e s  instrumentation and ind ica t ing  l i g h t s  i n  p a r a l l e l  with fuses  t h a t  
were i n  each capaci tor  c i r c u i t  as i l l u s t r a t e d  i n  the  elementary diagram 
i n  Figure 18. 

This t e s t  

i s  the  voltage l e v e l  

F i f t y  (50) capaci tors  (33 

Figure 17 i l l u s -  

Ratings of the fuses  i n  s e r i e s  with the capaci tors  were se lec ted  t o  be 
approximately three (3 )  times the  ra ted  capaci tor  current .  
of a shorted mpzci tor  during t h e  t e s t  was by obssrvation of the  indica-  
t o r  l i g h t s  t h a t  were on, indioating the fuses  tna t  had opan circxi ted,  

Detection 

Capacitors t h a t  may have f a i l e d  i n  an open c i r c u i t  mode only would have 
been detected when capacitance and d i s s ipa t ion  f a c t o r  da ta  were taken 
a t  the  conclusion of the t e s t .  

Capacitors with 300 and 400 VDC r a t ings  were energized with 325 v o l t s  
peak. Capacitors with 200 VDC r a t ings  were energized with 212 v o l t s  
peak. The 135 and 157 vol t  DC capac i tor  r a t ings  were energized with 
162 vo l t s  peak, 
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The 325 vo l t  peak l imitat ion was maintained t o  prevent damage t o  
the capacitors from corona. 

A s t r i p  char t  temperature recorder shown i n  Figure 17 was used t o  
continuously monitor the temperature of the aluminum box contain- 
ing the capacitors. 
during each normal working day during the test .  
ind ica tor  was energized from the  4.20 cps voltage source t o  ind ica te  
t o t a l  test  time. 

The 420 cps voltages were recorded twice 
An elapsed t i m e  

Capacitance and diss ipat ion f a c t o r  data was measured before and 
after the  1000 hour 85'C ambient tes t  t o  determine load-life 
charac te r i s t ics .  
ambient w e r e  placed i n  a 125OC ambient and the l i f e  tes t  was 

Survivors of the 1000 hour l i f e  test i n  85OC 

continued f o r  370 hours 

Results 

There were t h i r t een  (13) capacitors out  of f i f t y  
by short  c i rcu i t ing  during the  85OC ambient test .  

Capacitors 3,4,5,&ll i n  Figure 18 developed short  

50) t h a t  fa i led 

c i r c u i t s  upon 
This s tep  s tep  appl icat ion of the 230 volt RMS, 420 cps power. 

appl icat ion of power resulted i n  two ( 2 )  350 V RMS transients and 
three (3) 280 V RMS t rans ien ts  from resonant effects between 
the  oapacitors and the  transformer inductance. 

Capacitors 20, 21, 23 and 30 i n  Figure 18 developed short  c i r c u i t s  
upon being energized. 

The following capacitors developed short  c i r c u i t  during the life 
t e s t  as tabulated: 

' Capacitor No. Hours t o  Failure 

13 
32 
12, 33 
31 

23&*7 

171.8 
362.7 

666.7 

The capacitors t h a t  fa i led  during t h i s  t es t  were from one (1) 
capacitor manufacturer. The f i f t y  (50) capacitors subjected t o  
this l i f e  tes t  were obtained from six (6) capacitor manufacturers. 
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Analysis of the  capacitors,  t h a t  f a i l e d ,  by the capaci tor  
mmuf'acturer revealed that the  causes of  f a i l u r e  were a t t r i bu ted  
t o  construction techniques t h a t  have been improved upon s ince 
these capaci tors  were manufac3ured. 

Five (5 )  capaci tors  developed shor t  c i r c u i t s  during the 370 
hours t e s t  a t  125OC ambient. 
numbers 3,  19, 30 and 49 i n  Figure 17 f a i l e d  within the first 
six (6) hours of the t e s t .  
between 80 and lL+o hours of operation i n  125OC ambien t .  

Four ( 4 )  of these f i v e  ( 5 )  capacitors 

The f i f t h  capacitor,  number 1, f a i l e d  

The majcr i ty  of the c9pacitors surviving %he 1000 hours 85% 
ambient t e s t  exhibi tsd a small increase i n  capacitance and a small 
decrease i n  d iss ipa t ion  factor  is i l l u s t r a t e d  by the  t e s t  data i n  
Table €38. 
a f t e r  the 370 hour, 125OC ambient t e s t .  

Capacitmce and d iss ipa t ion  f a c t o r  data  were not obtained 

4-0 Ccncl usiocs 

Appreci,ebls size and weight, reductions of comnutat,ing and load 
f i l t e r  capaci tors  i n  s t a t i c  i nve r t e r s  m a y  be rea l ized  with the  use 
cf polycarbonate capacitors ins tead  of  paper d i e l e c t r i c  capacitors.  
These po ten t i a l  reductioris a re  a t t r i bu ted  t o  the smnller d i ss ipa t ion  
f w t o r  ( i .e .  power f ac to r )  of polycarbonate capaci tors .  

Polycarbonate cupaci t o r  power lo s ses  a re  q u t e  1 ow between exc i tn t i  on 
frequancies of' 0.4 t o  5.0 kilocycles but increase s ign i f i can t ly  
between 5.0 and  50.0 kilocycles. I n  commutation circuiC,s, capaci tor  
2 asses may be h.:pt, low by reducing resonant f~-t-qiierir:ie?s and  ~ G ~ ~ I I - '  + i iu.  s 
!.t t w t ? e ~ i  iri,.,uct,ive-,-ay:hci t i v e  corriponi.rlts (L-c riryir+;. ) 
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Additional developmental effort, by capacitor manufacturers, to 
reduoe the dissipation factors i n  the extended frequency range 
from 10 to  50 kilocycles should be encouraged so that greater 
static inverter efficiencies may be realized. 

Radiation effects testing of polycarbonate capacitors should be 
accoaplished to  provide designers of aerospace s tat ic  inverters 
capacitor degradation characteristics from radiation encountered 
i n  the space environment. 
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APF'ENIIXA , 

C - Commutating Capacitor 
L - Commutating Reactor 

SCR - S i l i c o n  Controlled 
Rectifier 

Figure A 

A opmfdap for this circuit is h s e d  on these assmpt ions :  

ductive load auf ien t  doer not  ohange during the  commutation 
l n t e d ,  

F~,d.l load turn-off t i m e  is one half  t h a t  a t  no load. 

When capaci tor  voltage is zero, turn-off i n t e r v a l  i s  over. 

2) 

3) 

The equivalent c i r c u i t  shown i n  Figure B i s  f o r  the  condition when SCR2 has 
j u s t  been t r iggered i n t o  conduction and SCRl conduction blocked a t  beginning 
of  commutating in t e rva l .  

& + 
- 

Figure B 

Writirg the voltage equation 'for t he  loop 
= &J il ( t ) d t  + L A Z ( t )  where t i s  turn-off 

E, i s  the  charge on capaci tor  
a t  s tart  of commutation 

C d t  i n  t e  rval, 
- E + %  
2 



1 +  
sc 

Substituting equation ( 4 )  i n t o  equation ( 3 )  gives 

Ec(s) =A - E -2L I 
2s S(l+LCS2) 

when E, = 0, turn-off in te rva l  is over. 

E = E cos wt - 2 L I, Ws inWt  
2 

Solving f o r  t 

( 6 )  ' 
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At Io = o (no load or current that goes th-ugh zero at end of  half cycle) 

E cos Ut, = j$ ; 
2 

cos Ut = .5 ; U t  = n/3 

t = n/:u 

Using the second assumntion that turn-off (t o f f )  at full load is one 
half of t, t o f f  = n / 6 ~ =  \ILC 

6 
- 

Using t off in equation ( 6 )  gives 

- E = E cos n/6 - 2 L Io {W s i n  71/6 
2 

Substituting 1/ f o r  W 

- E = E  E -  L I o  
2 2 = a- 1 0 6  7= 2 

0.366 E = Io qL/c (7) 

To determine the capacitance (C) , divide equation 
gives 

(7) by t o f f ,  which 

0.366E = 6 Io 

t o f f  nC 
- 

c = 5.22 Io t. Qff 

Inductance value (L) may be determined by multiplying equation 
t o f f ,  which gives 

( 7 )  by 

L = 0.7 E t off  
IO 

( 9 )  



. .  

t off  2 9  5m 9(m% 

G.E. C-ll 6 12 15 7.5 4.2 
G.E. C-40 40 20 11.1 

250 125 69.0 

Io C(ufds) (amprr) (weed ~ 

Tgpe 

% 625 313 1'74.0 

r d t  gonfigurrtions shown in Figures C and D will 
eat to one half the d u e s  shown in Sable 1. 

Figure C Figure D 

Capacitance values, in parallel type inverter configurations, shown in 
E, are equivalent to one fourth the values of C tabulated in Table I. 

\Ti m IC 
- m a  - 

- - 
- -E - 

$4 

Figure 

Figure E 
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Values of commutating capacitances selected f o r  the  capac i tor  survey 
are 5, 1 5  and 50 microfarads. Spec i f ica t ions  f o r  these capaci tors  a re  
contained i n  t h i s  appendix. Select ion of these values i s  based on the  
use of multiple series and pa ra l l e l  capaci tor  networks f o r  ha l f  bridge, 
f u l l  bridge and p a r a l l e l  types of inve r t e r s  and converters.  

Peak recurr ing capaci tor  currents are determined as follows. 

From energy storage equations 

I = E Jc/L, where E i s  maximum steady state source voltage 
P 

Subs t i tu t ing  C and L from equations (8) and (9) 

I = 2.74 Io E max. for values of C 
P E min. 

= 1.37 Io E max. for values of C/2 ( l o b )  
E min. I P  

Peak recurr ing capaci tor  currents f o r  the  selected capacitance values 
are determined from s i l i c o n  controlled r e c t i f i e r  types,  Io and C values 
from Table I and are shown i n  Table 11. 

TABLE I1 

Rec t i f i e r  Voltage Capacitance Capacitor C i rcu i t  Ipk 
ufd) Configuration ( amps) m e  Level 

c -11 25-35 
c -40 50-65 
C-80 90-105 

1 5  
10 
50 

C 23.1 
c j 2  28.5 
C log 



2. Range of Carrrrcitor Rat Inn8 

A. 5 microfarads +20-1@ over temperature range 

Capacitor No. 1 2 3 

35 65 105 
52 97 157 

11.6 8.6 11 

Peak Voltage 
Peak Voltage ( lOQnsec. D . C . Voltage 

Peak Current Amperes at D.C. Working 
Transient  ) 

Voltage 
Peak Current and Voltage Waveforms Fig. A1 Fig. A1 Fig.  A1 
Peak Current Amperes (100 msec. D.C. 

6.85 12.8 15.1 Voltage Transient)  

B. 15 microfarads +20-108 over temperature range 

1 2 3 Capacitor No . 
35 65 105 
52 97 157 

Peak Voltage 
Peak Voltage (100 msec. D.C. Voltage 

Transient)  
26 33 Peak Current Amperes a t  D.C. Working 

Peak Current Amperes (100 msec. D.C. 

13.8 
Voltage 

Peak Current and Voltage Waveforma Fig.  A 1  Fig. A 1  Fig. A1 

Voltage Transients) 20.5 38.4 49.3 



3. 

4 .  

5 .  

6 .  

7. 

0. 

t o  +85OC heat  s ink  ambient with a 'maximum 
of 125OC capacitor hot  spot temperature. 

Method of CaDacitor Power Loss Tmsfer--Conduction through mounting 
surface t o  heat sink ambient. 

Construction--Hermetically sealed.  
atmosphere within equipment enclosure during opt ional  l i f e .  

- Shock--Capacitor i s  t o  withstand three  35 g shocks i n  each d i r ec t ion  
along the  major axes. 
second duration. 

Capacitor t o  be subjected to 0.25 

The applied shocks are half  s ine  waves of 0.008 

Vibration--While energized, capaci tor  i s  t o  withstand the following 
s inusoidal  v ibra t ion  requirements: 

F rea uencx Force or DisDlacement 
5-20 0.3 inches D . A .  
20-100 5 g ' s  
100-500 10 g 'e  
5 00-2 000 15 g ' s  

Duration of the applied vibrat ional  forces  i s  four  15-minute logrithmic 
sweeps from 5-2000-5 cps a t  the  spec i f ied  l e v e l s  and lO-minute dwells 
a t  each resonant frequency found during the sweeps. 



a t0brrnoe to following integrated 

for 3 yeam oontinuowly while 
d In 9 above and 85% heat sink t e  
bin Orpaoltanoe tolereme. 



FIGURE A-1  

PEAK CURRGNT AND VOLTAGE WAVEFORMS 

FIGURE 8-1 T 1  = 74.5 microseconds 
T 2  = 1256 microseconds 
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Capacitance and Dissipation Factor Test Data 

Data contained i n  Tables B 1  through B3 were obtained by bridge 
measurements and calorimeter da t a  i c  25% ambient with s inusoidal  
voltage waveforms. 

Data contained i n  Tables B4through B6 were obtained by bridge 
measurements over the temperature range of -55OC t o  +85OC and 
frequency range from 0.4 t o  10.0 ki locycles .  E lec t ro ly t i c  capaci tor  
tes t  da ta  contained i n  Table B 7  were obtained by bridge measurements 
over t he  temperature range from -55OC t o  +850C and 120 t o  1200 cps 
frequency range. 

Life test capaci tor  da ta  contained i n  Table B8 were obtained by 
bridge measurements before and after the  1000 hour tes t  i n  8 5 O C  ambient. 
These da ta  were taken i n  25'C ambient with a test frequency of 1 
kilocycle.  

An example of the  diss ipat ion f a c t o r  correct ions applied t o  the  
bridge da ta  i s  given below: 

From Table A l ,  capacitor No. IA, the  d iss ipa t ion  f ac to r  as 
determined from t h e  bridge da ta  a t  10 ki locycles  i s  1.11a. 
As measured with the calorimeter, the  d iss ipa t ion  factor a t  
10 ki locycles  i s  0.975%. 

By r a t i o  of t h e  bridge da ta  of the  d iss ipa t ion  f a c t o r  f o r  
capacitor number 1B and IA, the  corrected d iss ipa t ion  f ac to r  
f o r  capaci tor  IB a t  1 0  ki locycles  i s :  

x .975 = .a,!+@ 1.1lG 
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